[1] The Whole Atmosphere Community Climate Model (WACCM) is used to study the influence of gravity waves on the generation and evolution of an elevated stratopause following a sudden stratospheric warming (SSW). By comparing WACCM simulations of two Arctic winters, where one is dynamically undisturbed and one is disturbed, we find that intense planetary wave activity during a SSW drives the reversal of the zonal mean wind in the stratosphere. This alters the penetration of eastward propagating, non-orographic gravity waves into the mesosphere, which determine the extent of cooling in the lower mesosphere and upper stratosphere through the adiabatic effects of the gravity wave-driven residual circulation, and play a crucial role in the reformation of the elevated stratopause in the lower mesosphere. Eventually, the forcing due to gravity waves returns to normal wintertime values as the stratospheric zonal wind recovers, and is then associated with the warming and lowering of the elevated stratopause, by wave induced diabatic descent. We find that SSW followed by an elevated stratopause is a climatologically robust phenomenon in free running WACCM with characteristics closely resembling recently observed events in the Arctic.
Introduction
[2] A stratospheric sudden warmings (SSW) is a dynamical phenomenon that occurs in the wintertime middle atmosphere. During undisturbed winters the zonal mean winds are eastward and the zonal mean temperature decreases poleward in the lower and middle stratosphere. The World Meteorological Organization defines a major SSW as one that leads to a reversal of the zonal mean wind at 60°of latitude and 10 hPa, and a positive poleward temperature gradient from 60°latitude to the pole, at or below 10 hPa. In a minor warming the temperature gradient reverses over a range of altitude below 10 hPa, but the zonal wind at 10 hPa does not. SSWs are caused by the interaction between upward propagating planetary Rossby waves and the zonal mean flow [Matsuno, 1971] . While planetary waves are the main causes of SSWs, gravity waves (GWs) control cooling and warming in the mesosphere and lower thermosphere (MLT) [Liu and Roble, 2002] .
[3] The major SSW in the northern hemisphere (NH) winter of 2005/2006 was one of the strongest observed [Siskind et al., 2007; Manney et al., 2008] . The stratopause warmed and descended by ∼30 km in the third week of January 2006. This warming was accompanied by mesospheric cooling. This SSW was followed by a breakdown of the polar vortex and formation of an ill-defined, almost isothermal and cooler stratopause. During the reestablishment of the eastward zonal winds and the recovery of the polar vortex, an "elevated stratopause" formed at an altitude of ∼75 km. Over a period of several weeks this elevated stratopause then descended and warmed. The occurrence of SSWs and subsequent formation of elevated stratopause has also been documented in the Arctic winters of 2003 -2004 [e.g., Manney et al., 2009 Thurairajah et al., 2010a Thurairajah et al., , 2010b . The 2006 major SSW and elevated stratopause have been reproduced by both forecast and climate models that incorporate observational data in the troposphere and stratosphere [Siskind et al., 2010; Marsh, 2011] . In free running simulations of the Whole Atmosphere Community Climate Model (WACCM) for the period 1953-2006, there are multiple instances of major and minor SSW events in NH winters. In several of these winters an elevated stratopause forms after the major SSW event, with characteristics similar to recently observed events in the Arctic. In this study, we compare the simulations during an undisturbed Arctic winter (dynamically quiet, with no SSW) and a disturbed winter (dynamically active, with a major SSW and elevated stratopause) to quantify the role of GWs in the formation of an elevated stratopause in the free running model.
[4] The role of GWs in the evolution of the stratopause and formation of the elevated stratopause is not very well understood. Siskind et al. [2007 Siskind et al. [ , 2010 have shown that there is a reduction of GW drag in the upper stratosphere and mesosphere following the SSW. Wang and Alexander [2009] have documented significantly reduced GW amplitudes in the lower mesosphere and increased GW amplitudes in the stratosphere during SSW events. They attributed this to the existence of GW critical levels (where the background wind speed is the same as GW phase speed) near the stratopause, which filters out the propagation of mainly orographic GW into the mesosphere. Wright et al. [2010] have also documented wind filtering of gravity waves during SSW events with reduction of the gravity wave momentum flux in the stratosphere. However in WACCM simulations of a major stratospheric warming and elevated stratopause, we find that the net gravity wave forcing in the mesosphere is reversed from westward to eastward, due to the action of eastward propagating nonorographic gravity waves penetrating into the mesosphere. These non-orographic GWs play a crucial role in reversing the mesospheric jet and the residual circulation thereby leading to the reformation of the stratopause in the lower mesosphere.
Description of WACCM
[5] WACCM is a general circulation model that extends all the way from the Earth's surface to the lower thermosphere. WACCM is derived from the Community Atmosphere Model (CAM3) and is a fully-coupled chemistry climate model [Garcia et al., 2007, and references therein] The model includes both orographic and non-orographic gravity waves [Garcia et al., 2007; Richter et al., 2008 Richter et al., , 2010 . The model domain extends from the Earth's surface to ∼145 km (4.5 × 10 −6 hPa). The model has 66 vertical levels with a variable vertical resolution of 1.1-1.4 km in the lower stratosphere, 1.75 km around the stratopause and 3.5 km above 65 km. The horizontal resolution is 1.9°× 2.5°( latitude × longitude). The simulations used in this study have a time step of 1800 s for the physical parameterizations, with model output at midnight UT every day. WACCM can be operated in either a free-running mode or with dynamics specified by observations [Marsh, 2011] . In this study we have used a free-running simulation for the period 1953-2006. The model runs do not output with daily frequency the gravity wave forcing, GWF = (−ru ′ w ′ ) z , which is central to understanding the evolution of the Arctic stratopause during and after a SSW. Therefore, we infer GWF as a residual in the Transformed Eulerian Mean (TEM) zonal momentum budget, Equation (3.5.2a) of Andrews et al. [1987] , where it is denoted by the term, X . The remaining terms in this equation, that is, the Eliassen Palm (EP) flux divergence due to (planetary-scale) Rossby waves (which are explicitly resolved in the model), the residual mean meridional velocity components, and the zonal mean wind are all available with daily frequency from the model output. [7] In MY 1973/74, there are two major SSW events which start on December 11th and December 26th followed by a period when the stratosphere cools and there is no well- defined stratopause between 30-70 km (Figure 1a, left ). An elevated stratopause at the 240 K contour level forms around January 17th. Latitude 71°N is poleward of the day-night terminator from November 17th until January 25th, and the SSW occur during the polar night. During the first SSW, which begins on December 11th, the polar stratopause (71°N) attains a maximum temperature of 278 K on December 13th at 46 km. In the second SSW, the polar stratopause has a maximum temperature of 270 K at 45 km on December 27th. Following these warming events a clearly defined stratopause is absent for about a two-week period when the stratosphere and mesosphere appear nearly isothermal and the stratopause temperature cools by about 35 K in the 30-70 km altitude region. During this period there are indications that the stratopause is reforming at ∼70-75 km, until a well-defined, elevated stratopause with a temperature of 240 K forms on January 17th at ∼70 km. After the reformation of the elevated stratopause, the stratopause descends gradually and warms, to more than 260 K by January 24th at an altitude of 65 km. By the end of February, the stratopause has maximum temperatures of almost 275 K and has descended to an altitude of ∼56 km. In MY 1996-1997 there are no SSWs and the stratopause remains between 57-62 km throughout the winter. The stratopause has maximum temperature of ∼275 K on December 10th and January 18th near 57 km altitude (Figure 1a, right) . By late February the mean stratopause temperatures in 1996-1997 are ∼255 K, about 10-15 K lower than the stratopause temperatures in 1973-1974. [8] In MY 1996-1997 there is weak EP flux divergence, with mid-winter values typically less than ±10 ms (Figure 1c , right). The westward wind reaches speeds of −55 ms −1 with a zero wind line near 30 km. In the three-week period after the second major SSW the zonal wind remains westward in the stratosphere, while in the upper mesosphere the eastward wind strengthens and then weakens as it descends. The stratospheric winds remain reversed or near zero at the 30 km level until January 18th, which coincides with the formation of the elevated stratopause.
Results of WACCM Simulation
[9] During the undisturbed winter of MY 1996-1997 the GWF is generally westward, (Figure 1d , left) in the mesosphere. In MY 1996-1997, the maximum westward GWF of ∼50 ms
occurs between 60-80 km altitudes. By contrast, in MY 1973 MY -1974 , the stratospheric zonal wind becomes westward at the time of the SSW, which filters out the westward propagating GW as well as the zero phase speed orographic GW. The remaining, eastward propagating non-orographic GW penetrate all the way into the mesosphere and produce significant eastward GWF of up to ∼70 ms −1 d −1 in the mesosphere (Figure 1d, right) . The net effect of planetary wave EP flux divergence and GWF is to change the total zonal forcing from westward to strongly eastward in the mesosphere following the zonal wind reversal in the stratosphere. This strong eastward GWF causes the reversal of the westward zonal mean flow above ∼75 km to eastward during the SSW events. The GWF remains eastward in the mesosphere and upper stratosphere, with peak values of ∼40 ms −1 d −1 , until eastward winds are reestablished in the stratosphere during the third week of January.
[10] Figure 2 shows (a) the TEM meridional velocity (v*) averaged between 55-70°N, (b) the TEM vertical velocity (w*) averaged between 75-90°N, and (c) the zonal mean temperature averaged between 75-90°N, for MY 1996-1997 in Figure 2 (left) and MY 1973 MY -1974 Figure 2 (right). In MY 1996-1997 the TEM meridional velocity is generally poleward in the upper stratosphere and in the mesosphere, with peak values of more than 5 ms −1 (Figure 2a , left). The poleward meridional velocity is accompanied by downward flow at the poles that peaks at 2-3 cms −1 (Figure 2b, left) . The periods of strongest poleward and downward flow correspond to periods of warming in the polar stratopause (Figure 2c, left) .
[11] In MY 1973 -1974 there are two periods of enhanced poleward flow in the upper stratosphere (∼40-60 km) and equatorward flow in the mesosphere (∼70-90 km) that start on December 12th and December 21st (Figure 2a, right) . During these periods there is enhanced downward flow in the stratosphere and upward flow in the mesosphere (Figure 2b , right), and warming in the stratosphere and cooling in the mesosphere (Figure 2c, right) . In early January there is enhanced poleward and downward circulation accompanied by warming at 80-100 km. The model produces an elevated stratopause that extends over the entire polar cap, with characteristics similar to those seen at 71°N (Figure 1a,  right) . During the two-week period (January 4-18) when the stratosphere and mesosphere are near isothermal, the residual circulation is weak. After mid-January, zonal mean eastward flow is re-established (Figure 1c, right) , the mean-meridional circulation becomes poleward and downward, and an elevated stratopause forms in the upper stratosphere and lower mesosphere. In the polar region, the elevated stratopause temperature at 65 km warms above 250 K on January 19th. There is stronger poleward and downward flow (reaching ∼6 m s −1 and ∼3 cm s −1 , respectively) near 70 km altitude. During the evolution of the elevated stratopause, the TEM circulation returns to values found during the undisturbed winter of MY 1996-1997. From Figures 1 and 2 , it can be seen that the increases in the elevated stratopause temperatures correspond to increases in the westward GWF and increases in the poleward and downward flow. The warming and cooling of the stratopause in the quiet year also follows a similar pattern of wave-driven increases in poleward flow and adiabatic heating by descent.
[12] Figure 3 shows the zonal monthly mean GWF for December and January 1-20, as a function of latitude and altitude. In MY 1996-1997, the primary GWF is westward in the mesosphere with peak values of −50 ms −1 d −1 occurring between 45°-65°N latitudes (Figures 3 (top left) and  3 (bottom left) ). However, in MY 1973 -1974 in December, the GWF in the mesosphere is reversed from westward to eastward, with peak values greater than 40 ms −1 d −1 , and penetrates all the way to the lower thermosphere (Figure 3 , top right). The eastward GWF is strongest poleward of 50°N. During January 1-20, when the stratopause disappears before reforming near 70 km, the GWF remains eastward in the high latitudes, but weakens considerably. After the formation of the elevated stratopause, the GWF becomes westward again (not shown).
Discussion and Conclusions
[13] We find that a realistic SSW followed by an elevated stratopause is self-consistently generated in free-running WACCM simulations. This is a climatologically robust phenomenon in the free running model with characteristics closely resembling recently observed events in the Arctic. We have studied two contrasting Arctic winters using a case-study approach, and selected MY 1996-1997 as representative of an undisturbed winter and MY 1973-1974 as representative of a disturbed winter. Our results confirm the operation of several dynamical processes that have been documented previously. We find that the triggering mechanism for the SSW events is strong persistent westward planetary wave EP flux divergence in the stratosphere, which results in a reversal of the eastward stratospheric jet (Figures 1b and 1c) . The planetary wave forcing induces a poleward and downward circulation in the stratosphere leading to adiabatic warming (Figures 2a and 2b) . The reversal of the zonal winds results in a coincident significant eastward GWF in the mesosphere (Figure 1d ) above ∼60 km. Furthermore, the increased eastward gravity wave forcing in the upper mesosphere and lower thermosphere results in a reversal of the zonal jet at these altitudes. The net forcing in the mesosphere becomes eastward, which produces an upward and equatorward flow and results in a cooling of the mesosphere. In MY 1973-1974 an elevated stratopause forms over a two-week period after the second SSW. During this period, when the stratopause is poorly defined, the mean zonal wind is weak throughout the stratosphere and mesosphere, and the GWF in the mesosphere and lower thermosphere (∼65-90 km) does not show the persistent westward forcing typical of undisturbed years, such as MY 1996-1997. Only after eastward winds are re-established in the stratosphere and lower mesosphere, after January 15, does the GWF become strongly westward once again.
[14] This study highlights the contribution of nonorographic gravity waves to GWF in the mesosphere and lower thermosphere. The zonal wind reversal that characterizes a SSW blocks upward propagation of both orographic (stationary) gravity waves and westwardpropagating gravity waves. The GWF that drives the upwelling and cooling in the upper mesosphere during the SSW is then due to eastward-propagating GWs. The recovery of the middle atmosphere begins in the mesosphere, where the thermal relaxation (above 60 km) can be two-three times faster than in the lower stratosphere [Wehrbein and Leovy, 1982] . This cooling helps to reestablish the eastward zonal mean flow at the higher altitudes sooner than at the lower altitudes. Once the eastward zonal wind has been re-established at lower altitudes, the upwardpropagating gravity wave spectrum once again becomes biased towards westward phase velocities, the net GWF becomes westward, and the residual circulation returns gradually to the downward and poleward pattern typical of undisturbed wintertime conditions. Subsequently, the stratopause descends gradually as the stratospheric eastward winds strengthen, the gravity wave spectrum is increasingly biased towards westward phase speeds, and GWF becomes even more strongly westward, which enhances the poleward and downward flow. In short, during the evolution of the elevated stratopause, increases in westward GWF drive the warming and lowering of the stratopause by wave-driven diabatic descent [Hitchman et al., 1989; Garcia and Boville, 1994] .
[15] This study shows that during undisturbed winters the dominant GWF is westward in the mesosphere between 40-65°N. However, during a winter that experiences a SSW event, the dominant GWF becomes eastward in the mesosphere due to filtering of the upward-propagating GW spectrum by the reversed zonal mean winds in the stratosphere. The changes in GWF that accompany the SSW play a pivotal role in the evolution of the elevated stratopause in the mesosphere. SSW and elevated stratopauses are robust features in the climate simulations in free running WACCM. A spectrum of non-orographic gravity waves is launched in the model whenever a diagnostic "frontogenesis function" exceeds a critical value [Richter et al., 2010] . This spectrum off non-orographic waves may be viewed as the (parameterized) representation of gravity wave excitation by tropospheric frontal systems. Future work will focus on analysis of multiple SSW and elevated stratopause events in freerunning WACCM. WACCM simulations with direct output of GWF will allow us explore the longitudinal variation of GWF as well as relationships between GWF and wave amplitudes, and the implications for observational studies of the wave-driven circulation and variability of the polar middle atmosphere.
